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Nearly all proteins have a limited lifetime, which can vary greatly depending on the intrinsic properties of the protein, the developmental stage of the organism, and the growth conditions (Toyama et al., 2013; Wolff et al., 2014) . In addition, protein quality control is an essential mechanism to detect and eliminate damaged or misfolded proteins in order to maintain cellular homeostasis (Varshavsky, 2012; Kim et al., 2013b) . Consequently, protein degradation by proteases is a highly regulated cellular process for the dynamic adjustment of protein abundance and the removal of superfluous or defective proteins.
In bacteria, one of the main components of the proteolytic machinery is the Clp protease (caseinolytic protease). The Clp protease consists of two main components: a ring-shaped proteolytic core complex composed of the Ser-type peptidase ClpP and a ring-shaped chaperone complex comprising the ATP-dependent chaperones ClpA and ClpX, both members of the AAA + (ATPase associated with various cellular activities) superfamily. This AAA + complex associates coaxially with one or both external sides of the catalytic rings (Banecki et al., 2001; Kim et al., 2001) . ClpX and ClpA recognize, unfold, and thread the substrates into the ClpP proteolytic chamber through their narrow axial pores for subsequent degradation. The two chaperones have different substrate specificities (Bewley et al., 2006) , which can be further modulated through the association of the adaptor protein ClpS with the hexameric ring of ClpA. This association changes the affinity of the ClpA chaperone for protein aggregates and strongly enhances the recognition of substrates with N-terminal degradation signals known as N-end rule substrates (Tobias et al., 1991; Weber-Ban et al., 1999; Schuenemann et al., 2009) .
The proteolytic network of plastids (chloroplasts) includes, in addition to Clp, two other major ATP-dependent proteases, FtsH and Lon, the major ATP-independent protease Deg (Shanklin et al., 1995; Lindahl et al., 1996; Itzhaki et al., 1998) , and several minor proteases (Olinares et al., 2011b) . It is generally assumed that the major proteases Clp and Lon mainly degrade stromal proteins, whereas FtsH and Deg degrade thylakoid membrane proteins (Adam, 2000; Adam et al., 2006; Sakamoto, 2006) . In Arabidopsis (Arabidopsis thaliana), the Clp protease, which represents the most abundant and complex stromal protease, is believed to play a central role in stromal protein quality control as a housekeeping protease (Clarke et al., 2005; Olinares et al., 2011a) . The core complex of this protease comprises several catalytic (ClpP3, ClpP4, ClpP5, and ClpP6) and noncatalytic (ClpR1, ClpR2, ClpR3, and ClpR4) subunits, which are organized in two heptameric rings: the P-ring of ;177 kD and the R-ring of ;189 kD. A plastid genome-encoded subunit, ClpP1, which possesses catalytic activity, is located in the R-ring that otherwise contains noncatalytic subunits encoded in the nuclear genome. Chaperones representing orthologs of the bacterial AAA + proteins (ClpC1, ClpC2, and ClpD) and the ClpS adaptor also are part of the Clp system in plastids. In addition, a novel adaptor protein, ClpF, was discovered recently in Arabidopsis . Interestingly, the plant Clp protease also possesses two unique accessory proteins (ClpT1 and ClpT2) that are not found in Escherichia coli and that appear to be involved in stabilization of the core complex . Thus, although the Clp protease complex of plastids shares the basic features of its bacterial homolog, several new components have evolved in the green lineage, possibly to accommodate the additional demands of the photosynthetic apparatus and the various metabolic and signaling functions of plastids.
As Clp activity is dispensable in E. coli, the identification of protein substrates of this protease became possible through an elegant experimental approach using a so-called protein trap. It is based on inactive ClpP subunits harboring a mutation in their active site that prevents the degradation and release of substrate proteins (Dougan et al., 2002; Flynn et al., 2003) . This approach led to the identification of several putative substrates, including transcription factors, metabolic enzymes, and proteins involved in starvation and other stress responses. In stark contrast to E. coli and other nonphotosynthetic bacteria, Clp activity in chloroplasts turned out to be essential for cellular viability, as evidenced by the impossibility of generating homoplasmic clpP1 knockout lines by reverse genetics in tobacco (Nicotiana tabacum; Shikanai et al., 2001; Kuroda and Maliga, 2003) . The Clp protease also is essential in the green alga Chlamydomonas reinhardtii (Huang et al., 1994) and the cyanobacterium Synechococcus elongatus PCC7942 (Schelin et al., 2002; Barker-Aström et al., 2005) , possibly suggesting that the essentiality is somehow linked to photosynthesis. Mutant analysis of nucleus-encoded subunits of the Clp complex in Arabidopsis and tobacco provided further evidence for the essentiality of the ClpP/R core complex and little functional redundancy of its subunits, with the exception of ClpR1, which can be replaced with ClpR3 (Rudella et al., 2006; Sjögren et al., 2006; Zheng et al., 2006; Koussevitzky et al., 2007; Moreno et al., 2017) .
The essentiality of the Clp protease in chloroplasts makes the identification of substrate proteins a very challenging task. Quantitative proteomic approaches have been employed for the detection of differences in protein abundance between wild-type plants and various Clp mutants in Arabidopsis (Sjögren et al., 2006; Kim et al., 2009; Stanne et al., 2009; Zybailov et al., 2009; Kim et al., 2013a ). An increase in abundance was observed for proteins involved in many different processes, including protein import, folding, maturation, and degradation, RNA metabolism, and various metabolic enzymes and transporters. However, it is not clear to what extent the increased abundance of these proteins is directly linked to decreased Clp activity. For only a very few plastid proteins, genetic or biochemical evidence has been obtained in support of them being genuine Clp substrates. These include the PAA2/HMA8 copper transporter, the 2-C-methyl-Derythritol 4-phosphate (MEP) pathway enzyme deoxyxylulose 5-phosphate synthase (DXS), and the tetrapyrrole pathway enzyme GluTR (Tapken et al., 2015; Apitz et al., 2016; Pulido et al., 2016) . In C. reinhardtii, a repressible chloroplast gene expression system (Ramundo et al., 2013) was employed to down-regulate the expression of the ClpP1 subunit. This approach also resulted in the identification of putative Clp substrates but, more importantly, led to the discovery of a compensatory nuclear gene expression program that may allow photosynthetic organisms to sense and respond to perturbations of chloroplast protein homeostasis (Ramundo et al., 2014) .
In this work, we have developed an ethanolinducible gene repression strategy to study the function of the Clp protease in tobacco in a time-resolved manner. We reasoned that the inducible repression of different subunits of the Clp protease will result in gradually decreasing Clp activity, thus making it possible to follow the responses in the chloroplast proteome over time. By identifying proteins that respond early in their abundance to knocked down Clp activity, this approach should help with distinguishing primary from secondary effects and, thus, be suitable to identify putative substrates of the Clp protease complex much more reliably than the analysis of constitutive mutants.
RESULTS

Generation of Inducible Knockdown Lines for Plastid Protease Subunits
In previous work, we generated constitutive knockdown lines for several subunits of plastid proteases in tobacco. These included key subunits of the different rings of the Clp complex (ClpP6, ClpR2, ClpC, ClpD, and ClpS), the plant-specific accessory proteins ClpT1 and ClpT2, and the thylakoidal FtsH protease (Moreno et al., 2017) . Constitutive silencing of many of the targeted subunits by RNA interference (RNAi) caused strong mutant phenotypes that precluded the use of the lines for the identification of protease substrates (see introduction). To be able to better distinguish between primary and secondary effects on protein stability, we decided to pursue the generation of a set of inducible knockdown lines. The potential advantage of inducible silencing of a protease is that it enables time-resolved analysis of the response of the proteome. Proteins increasing in their abundance early after induction are more likely to represent genuine substrates of the protease than late-responding proteins, which are likely to represent secondary changes due to disturbed cellular protein homeostasis.
We decided to target the same subunits of the Clp complex (ClpP6, ClpR2, ClpC, ClpD, ClpS, ClpT1, and ClpT2) that had been constitutively knocked down previously and, for comparison, also included FtsH as a thylakoidal protease (Moreno et al., 2017) . The target sequences for RNAi were inserted into a vector system (Supplemental Fig. S1 ) for ethanolinducible transgene expression (Chen et al., 2003) and subsequently introduced into tobacco plants by stable Agrobacterium tumefaciens-mediated transformation. For each construct, at least 10 independent transgenic lines were isolated, and two to three lines per construct were selected for in-depth molecular and phenotypic analyses .
Phenotypic and Molecular Analyses of the RNAi Lines after Ethanol Induction
To evaluate the response of the generated transgenic tobacco plants to ethanol induction of RNAi, two to three independent transgenic lines per construct were subjected to an induction time course (see "Materials and Methods"). Interestingly, while the NtEtClpP6, NtEtClpR2, NtEtClpS, NtEtClpD, and NtEtFtsH1_5 transgenic plants remained indistinguishable from wildtype plants after ethanol application (Fig. 1, A and B; A and B) , the NtEtClpC-2 and NtEtClpT1-T2-1 lines showed pronounced phenotypic changes after 5 and 10 d of induction (Figs. 2 and 3, A and B). The youngest leaves grew out pale after 5 d of ethanol induction in the NtEtClpC-2 and NtEtClpT1-T2-1 RNAi lines, and this phenotype became stronger after 10 d of induction. However, the mature leaves that had fully expanded at the onset of RNAi induction stayed green (NtEtClpP6  lines) . A, Phenotypes of two NtEtClpP6 mutants (T1 generation) 0, 5, and 10 d after ethanol induction. wt, Wild type. Bars = 10 cm. B, Developmental series of leaves of a wild-type tobacco plant and an NtEtClpP6-2 plant after 10 d of ethanol induction. Shown are series from the youngest to the oldest leaf (from left to right). Bars = 10 cm. C, Down-regulation of ClpP6 gene expression 5 and 10 d after ethanol induction of RNAi. ClpP6 mRNA levels were determined by qRT-PCR for the wild type and two independent NtEtClpP6 mutant lines. Actin gene expression was used for normalization. Data are presented as means 6 SE (n = 9). Asterisks indicate significant differences between transgenic and wildtype plants (unpaired and paired two-tailed Student's t tests: **, P , 0.001). D, Comparison of wild-type seedlings and NtEtClpP6-2 seedlings subjected to ethanol induction after 0, 24, 48, and 120 h. The NtEtClpP6-2 seedlings show no visible phenotypic changes compared with the wild-type control. E, Analysis of ClpP6 gene expression in the time series of RNAi induction shown in D. Actin gene expression was used for normalization. Data are presented as means 6 SE (n = 9). Asterisks indicate significant differences between transgenic and wild-type plants (unpaired and paired two-tailed Student's t tests: ***, P , 0.0001). even after extended induction times. To examine whether the mutant phenotypes can be correlated with the strength of the RNAi effect on the targeted protease subunit, transcript abundances were determined in the two to three independent transgenic lines for each RNAi construct by quantitative real-time (qRT)-PCR (Figs. 1C-3C; Supplemental Figs. S2C-S5C). The strongest reduction in ClpP6 transcript levels was observed in the NtEtClpP6-2 RNAi line after 5 and 10 d of ethanol induction (to 55% and 40% of the wild-type levels, respectively; Fig. 1C ). However, this reduction in ClpP6 expression did not result in a visible phenotype (Fig. 1, A and B ). The three independent NtEtClpR2 RNAi lines showed similar levels of reduction in ClpR2 expression to approximately 60% to 80% of the mRNA level in the wild type after 5 and 10 d of induction, without any obvious phenotypic consequences (Supplemental Fig. S2 , A-C).
The two chaperones of the complex responded differently to RNAi. For ClpC, transcript levels were found to be reduced drastically in the NtEtClpC-2 RNAi line to approximately 5% to 10% of the wildtype level (Fig. 2C ), and the plants showed a pronounced pale phenotype already after 5 d of ethanol induction. This phenotype became stronger after 10 d and resembled the phenotype observed in clpc null mutants of Arabidopsis, which suffer from defects in chloroplast biogenesis and chlorophyll synthesis (Kovacheva et al., 2007) . By contrast, ClpD transcript levels decreased only moderately (to ;80% of the wildtype level) in the NtEtClpD-2 RNAi line, without any evident phenotypic change (Supplemental Fig. S4C ). This is in line with the phenotype of a clpd null mutant obtained in Arabidopsis (Kim et al., 2013a) , which showed wild-type-like leaf pigmentation.
The transcripts encoding the accessory proteins of the Clp complex, ClpT1 and ClpT2, displayed strong reduction after induction of RNAi to 10% to 20% and 5% to 15% of the wild-type levels, respectively, in the NtEtClpT1-T2-1 RNAi lines (Fig. 3C ). This severe down-regulation correlates with a strong pale-leaf phenotype that was observed already after 5 d of ethanol induction and became stronger after 10 d. Again, this phenotype is in good agreement with the strong pale-leaf phenotype observed in the clpt1/clpt2 double mutant in Arabidopsis .
None of the NtEtClpS RNAi lines showed reductions in transcript levels; therefore, these lines were excluded from further analysis (Supplemental Fig. S3C ). For the thylakoidal protease FtsH, reductions in transcript (NtEtClpC  lines) . A, Phenotypes of two NtEtClpC mutants (T1 generation) 0, 5, and 10 d after ethanol induction. wt, Wild type. Bars = 10 cm. B, Developmental series of leaves of a wildtype tobacco plant and an NtEtClpC-2 plant after 10 d of ethanol induction. Shown are series from the youngest to the oldest leaf (from left to right). Bars = 10 cm. C, Downregulation of ClpC gene expression 5 and 10 d after ethanol induction of RNAi. ClpC mRNA levels were measured by qRT-PCR for the wild type and two independent NtEtClpC mutant lines. Actin gene expression was used for normalization. Data are presented as means 6 SE (n = 9). Asterisks indicate significant differences between transgenic and wild-type plants (unpaired and paired two-tailed Student's t tests: *, P , 0.05 and **, P , 0.005). D, Comparison of wild-type seedlings and NtEtClpC-2 seedlings subjected to ethanol induction after 0, 24, 48, and 120 h. After 48 h, the mutant phenotype of the newly developing leaves of the NtEtClpC-2 seedlings becomes clearly visible (compare with A and B). E, Analysis of ClpC gene expression in the time series of RNAi induction shown in D. Actin gene expression was used for normalization. Data are presented as means 6 SE (n = 9). Asterisks indicate significant differences between transgenic and wild-type plants (unpaired and paired two-tailed Student's t tests: ***, P , 0.0001).
levels to 60% to 65% of the wild-type level were observed after 5 and 10 d of ethanol induction for all three lines investigated (Supplemental Fig. S5C ). However, this reduction did not cause a visible phenotype. For all subsequent experiments, the lines with the strongest reduction in transcript levels for each of the different Clp subunits were selected (NtEtClpP6, NtEtClpC, and NtEtClpT1-T2).
Specific Effects of Inducible Protease Gene Knockdowns on the Expression of Nucleus-Encoded Clp Subunits
To determine the effects of inducible Clp repression on the expression of the nucleus-encoded Clp subunits, we performed qRT-PCR experiments in the three strongest RNAi lines (NtEtClpP6-2, NtEtClpC-2, and NtEtClpT1-T2-1; Fig. 4 ). In the NtEtClpP6-2 line, the expression of all subunits of the P-ring (ClpP3, ClpP4, and ClpP5) and the R-ring (ClpR1, ClpR2, ClpR3, and ClpR4) remained largely unchanged, and only the chaperone ClpC showed a 20% to 50% decrease in expression after induction (Fig. 4 ). These results are in line with our previous findings with constitutive ClpP6 knockdown mutants in tobacco, where no changes in the expression of the subunits of the P-ring and a slight decrease in ClpC expression were found (Moreno et al., 2017) .
In the NtEtClpC-2 inducible RNAi line, reductions of approximately 25% in the expression of ClpP4, ClpP5, and ClpP6 compared with the wild type were observed after 120 h of ethanol induction (Fig. 4 ). In addition, reductions of approximately 30% were observed for ClpR4 and ClpR2 after 48 and 120 h of induction, respectively. Interestingly, ClpD showed an increase in transcript levels of approximately 50%, probably representing a compensatory reaction to the repression of its chaperone partner ClpC. By contrast, ClpS showed a reduction in expression of around 30% relative to the wild type ( Fig. 4 ). A similar pattern was observed in our previously described constitutive ClpC RNAi lines (Moreno et al., 2017) .
In the NtEtClpT1-T2-1 inducible RNAi line, a 60% reduction in the expression of the ClpP3 subunit was observed after 120 h of ethanol induction, while the expression of all other nucleus-encoded subunits of the Clp complex remained unchanged ( Fig. 4) . ClpT1 and ClpT2 mRNA levels were measured by qRT-PCR for the wild type and three independent NtEtClpT1-T2 mutant lines. Actin gene expression was used for normalization. Data are presented as means 6 SE (n = 9). Asterisks indicate significant differences between transgenic and wild-type plants (unpaired and paired two-tailed Student's t tests: *, P , 0.05 and **, P , 0.005). D, Comparison of wild-type seedlings and NtEtClpT1-T2-1 seedlings subjected to ethanol induction after 0, 24, 48, and 120 h. After 120 h, the mutant phenotype of the newly developing leaves of the NtEtClpT1-T2-1 seedlings becomes clearly visible (compare with A and B). E, Analysis of ClpT1 and ClpT2 gene expression in the time series of RNAi induction shown in D. Actin gene expression was used for normalization. Data are presented as means 6 SE (n = 9). Asterisks indicate significant differences between transgenic and wild-type plants (unpaired and paired two-tailed Student's t tests: ***, P , 0.0001).
In summary, the down-regulation of individual genes for Clp protease components causes specific signatures in the expression patterns of nuclear genes for chloroplast protease subunits. As expected, the observed changes are not as strong as those seen in our previously described constitutive RNAi lines (Moreno et al., 2017) .
Label-Free Quantification of the Proteomes of Inducible clp Mutants by Liquid Chromatography-Tandem Mass Spectrometry
To facilitate the time-resolved analysis of the changes in the proteomes of the generated mutants, the experimental design of the ethanol induction was standardized (see "Materials and Methods") by growing mutant seedlings in trays together with the wild type. In this way, possible effects of subtle differences in soil, water availability, or ethanol evaporation should be largely avoided. Each mutant and the corresponding wild type were grown in three different trays (three biological replicates), the RNAi was induced by treatment with ethanol vapor, and pools of plants were harvested at four different time points (0, 24, 48, and 120 h). The changes in transcript levels over time were measured to follow the knockdown of the Clp subunit targeted by inducible RNAi . All lines showed similar changes in phenotype and transcript accumulation to those observed previously in the longer time course (0, 5, and 10 d) conducted with more mature plants (compare with A and C of the same figures). No visible phenotypic changes were observed for NtEtClpP6-2, NtEtClpR2-3, NtEtClpD-2, NtEtClpS-2, and NtEtFtsH1_5-3. By contrast, the NtEtClpC-2 and NtEtClpT1-T2-1 RNAi lines showed a strong pale phenotype after 120 h of ethanol induction, indicating that, at this time point, the secondary effects of reduced proteolytic capacity in the chloroplast likely become relevant (Figs. 2D and 3D) . This phenotype started to appear in the youngest leaves of these plants already 48 h after induction, suggesting that, in developing leaves that perform intense chloroplast biogenesis, pleiotropic effects may set in already at this time point. Very strong reductions in the transcript levels correlate with these phenotypes. In the NtEtClpC-2 RNAi line, ClpC expression was down to 5% of the wild-type levels already after 24 h of induction ( Fig. 2E) , and in the NtEtClpT1-T2-1 line, ClpT1 transcript levels were reduced to 10% to 15% and ClpT2 levels to 5% to 10% of the wild-type levels (Fig. 3E ). Since no changes in transcript levels were detected in the NtEtClpS inducible RNAi lines (Supplemental Fig. S3E ), we decided to include a previously generated constitutive ClpS RNAi line (NtClpS). This line lacks a visible phenotype, although ClpS transcript levels are reduced to 10% of the wild-type level (Moreno et al., 2017) . Time-resolved proteomics was conducted with the NtEtClpP6-2, NtEtClpR2-3, NtEtClpC-2, NtClpS, NtEtClpT1-T2-1, and NtEtFtsH1_5-3 lines by liquid chromatography-tandem mass spectrometry (LC-MS/MS; Supplemental Fig. S6 ). Due to the very small reduction in ClpD transcript levels (80% of the wild-type level only at the latest time point), the NtEtClpD-2 RNAi line was excluded. In total, 96 samples were analyzed: seven plant lines with three biological replicates each at four different time points (0, 24, 48, and 120 h). Leaves were harvested, and proteins were extracted (see "Materials and Methods") and analyzed by LC-MS/MS and labelfree quantification to determine the abundances of the proteins (Supplemental Fig. S6 ). The term POT (for putative orthologs of tobacco, as defined in "Materials and Methods") will be used subsequently to describe changes in proteins (or groups of orthologous proteins) that were detected by our proteomic approach.
Analysis of the three RNAi lines that showed the highest reduction in transcript levels (NtEtClpP6-2, NtEtClpC-2, and NtEtClpT1-T2-1) resulted in the identification of 2,237 POTs (i.e. protein groups; for details, see "Materials and Methods"). Thirty-six percent of the identified proteins were predicted to be localized in the chloroplast (http://suba3.plantenergy. uwa.edu.au/; Supplemental Table S2 ). Principal component analysis revealed that the samples were distributed randomly at time point 0, indicating that, as expected, biological and technical variation in the samples is larger than the variation between genetic backgrounds prior to induction (and confirming that there is no significant leakiness of the RNAi under noninducing conditions). After ethanol induction, samples representing the same genotype became more similar and clustered closely to each other, indicating that the differences between genotypes had increased ( Fig. 5A; Supplemental Fig. S7A ). The clearest separation of the samples was seen at time point 48 h ( Fig. 5A ), possibly indicating that, afterward, the onset of secondary effects reduces the variation between genotypes.
Analysis of the mutants with only mild reductions in transcript levels (NtEtClpR2-3 and NtFtsH1_5-3) and the constitutive RNAi line NtClpS led to the identification of 1,753 POTs but did not reveal a clear separation between samples representing different genotypes (Supplemental Fig. S7B ). This, as well as the low reduction in transcript levels observed for ClpR2 and FtsH, makes it difficult to detect significant changes in protein abundance in the proteomes of these mutants. Therefore, we focused our further analyses on the changes in the proteomes of the NtEtClpP6-2, NtEtClpC-2, and NtEtClpT1-T2-1 mutants that strongly respond to the inducible RNAi.
Proteins Differentially Expressed in the ClpP6, ClpC, and ClpT1-T2 Mutant Proteomes Differentially expressed POTs (protein groups) in the different mutant proteomes after ethanol induction were identified by two-way ANOVA tests (P , 0.05; for details, see "Materials and Methods"). Significant increases in abundance were observed for 317, 201, and 135 POTs in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes, respectively ( Fig. 5B ). Approximately 50% of the up-regulated POTs identified in the NtEtClpP6 mutant proteome are predicted to be chloroplast-localized proteins, thus showing a strong enrichment of proteins located in this compartment (Fisher's exact test P , 0.0001). The other half are located in diverse subcellular compartments without showing a clear enrichment for any compartment, thus suggesting the lack of a specific extraplastidic phenotype in the mutants (Fig. 5B ). A similar pattern was observed for the 47% up-regulated proteins identified in the NtEtClpC mutant proteome (enriched in chloroplastlocalized proteins; Fisher's exact test P , 0.0071), while no significant enrichment was observed in the NtEtClpT1-T2 mutant proteome (Fisher's exact test P , 0.44).
Decreases in abundance were observed for 235, 254, and 200 POTs in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes, respectively ( Fig. 5B ). In the NtEtClpP6 mutant proteome, the approximately 45% of down-regulated POTs that are predicted to be chloroplast localized do not represent a significant enrichment (Fisher's exact test P , 0.35), while around 55% of the POTs were enriched in chloroplast-localized proteins in the NtEtClpC (Fisher's exact test P , 0.0001) and NtEtClpT1-T2 (Fisher's exact test P , 0.0001) lines. In the NtEtClpC and NtEtClpT1-T2 plants, a substantial fraction of the differentially expressed proteins (92 and 21 POTs, respectively) were found to be increased only at the latest time point (120 h after ethanol induction), when the plants showed a strong pale-leaf phenotype (Figs. 2D and 3D) . Since this observation suggests the appearance of secondary effects after 120 h, these late-responding POTs were excluded from the Venn diagrams and the final tables (Tables I and II) .
As putative substrates of the Clp protease are expected to be located in the chloroplast, we investigated the chloroplast-localized proteins responding to the knockdown of the three Clp components in more detail. Although the protein products of the three Clp genes targeted by inducible RNAi act jointly to maintain plastid protein homeostasis, they fulfill different functions in the Clp complex: proteolysis (CLPP6), unfolding of substrates (CLPC), and coordination of the assembly of the Clp core complex (CLPT1-T2; Sjögren et al., 2006 Sjögren et al., , 2014 Kim et al., 2013a Kim et al., , 2015 . It is not surprising, therefore, that the effects of the knockdown of the three Clp components share some similarity in the response of the chloroplast proteome but are not identical ( Fig. 5C ). One hundred sixty-three, 123, and 69 chloroplast-localized POTs were identified as being significantly up-regulated in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes, respectively (Fig. 5C ). Twenty-eight of these candidate POTs showed significant increases in abundance in all three RNAi mutant proteomes.
In addition to these shared candidate POTs, specific changes were detected for each of the three mutants. In the NtEtClpP6 proteome, 86 POTs were found to change specifically in this mutant, while 52 and 11 POTs were found to change specifically in the NtEtClpC and NtEtClpT1-T2 proteomes, respectively. Thirty-one up-regulated POTs were shared between the NtEtClpP6 and NtEtClpC proteomes, 18 POTs were shared between the NtEtClpP6 and NtEtClpT1-T2 proteomes, and 12 POTs were identified in both the NtEtClpC and NtEtClpT1-T2 proteomes. One hundred, 153, and 123 chloroplast POTs were down-regulated in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 proteomes in at least one time point, respectively ( Fig. 5C ). From these, 38 were shared by all three mutants. Moreover, nine POTs showed reduced abundance in both the NtEtClpP6 and NtEtClpC proteomes, 16 POTs were down-regulated in both the NtEtClpP6 and NtEtClpT1-T2 proteomes, and 47 down-regulated POTs were shared by the NtEtClpC and NtEtClpT1-T2 proteomes. POTs with decreased abundance in a single mutant also were identified (37, 59, and 22, respectively; Fig. 5C ).
Reduction in Clp Expression Levels Impacts Clp Complex Composition and Chloroplast Protein Homeostasis
In order to explain the similarities and differences in the proteins differentially expressed in the three mutants ( Fig. 6 ), we analyzed the effects of repression of the three Clp subunits on the protein abundance of the other Clp components. After RNAi induction, we observed a reduction in protein abundance of 50% for the ClpP6 subunit in the NtEtClpP6 line, 46% for ClpC in the NtEtClpC line, and 59% and 75% for ClpT1 and ClpT2, respectively, in the NtEtClpT1-T2 line ( Fig. 6A ). Clearly, these reductions have an effect on the protein abundance of other components of the Clp system (Supplemental Table S3 ). For example, the 50% reduction in ClpP6 protein abundance caused a reduction in the protein abundance of other P-and R-ring components (ClpP3, ClpP5, ClpR1, and ClpR3; Fig. 6A ; Supplemental Table S3 ) due to either the downregulated expression or reduced stability of these subunits when ClpP6 availability limits assembly of the rings of the Clp core complex. By contrast, the 46% reduction in ClpC in the NtEtClpC line causes an increase in protein abundance of P-and R-ring components (ClpP4, ClpR1, and ClpR2), the ClpT1 accessory protein, and the ClpB3 chaperone ( Fig. 6A ). Reduced accumulation of the ClpT1 and ClpT2 subunits in the NtEtClpT1-T2 line causes reductions in ClpP5 and ClpC and increased accumulation of the ClpB3 chaperone ( Fig. 6A) . A number of other proteins involved in A., not annotated in Arabidopsis. C, Venn diagrams for all chloroplast-localized proteins found to be either up-regulated or down-regulated in the mutant proteomes after the ethanol time course. Proteins were detected by mass spectrometry, and proteins changing in abundance were identified by two-way ANOVA (P , 0.05; for details, see "Materials and Methods"). The total numbers of up-regulated or down-regulated proteins (green numbers), proteins changing specifically in individual mutants (black numbers), and changes occurring in all mutants (red numbers) or pairs of mutants (blue numbers) are given. Table I . Chloroplast-localized proteins that overaccumulate in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes after RNAi induction and, therefore, qualify as potential substrates of the Clp protease
Thiazole biosynthetic enzyme (THI1 and THI4)
Tetratricopeptide repeat (TPR)-like superfamily protein
Thylakoidal ascorbate peroxidase (TAPX), stromal ascorbate peroxidase (SAPX) chloroplast protein homeostasis (proteases, chaperones, and components of the protein import machinery) also responded to the inducible knockdown of the three Clp subunits, suggesting that compensatory changes occur in response to Clp deficiency to maintain chloroplast proteostasis ( Fig. 6B ; Supplemental Table  S4 ). These changes are specific in that, for example, the Leu aminopeptidase and the presequence aminopeptidase are up-regulated, while the Lon and Deg proteases do not respond to Clp deficiency. Interestingly, four of the five thylakoid membrane-associated proteases that could be quantified by mass spectrometry tended to be reduced in the mutant proteomes, suggesting that Clp deficiency is compensated partially by up-regulating stromal proteolytic activities and down-regulating thylakoidal proteases (Fig. 6B) .
To visualize the effects of inducible Clp repression on the chloroplast proteome at each time point and to identify putative substrates of the Clp protease, we assigned a letter describing the change in protein abundance relative to the wild type (E, equal, i.e. no significant change; U, up-regulated, i.e. increased abundance in the mutant; D, down-regulated, i.e. decreased abundance in the mutant at the given time point [for details, see "Materials and Methods"]). Thus, the behavior of each POT can be described as a sequence of four letters. For example, a POT increasing in abundance at time point 3 (i.e. after 48 h) is represented as E-E-U-U and a POT whose abundance decreases at time point 4 (after 120 h) is represented as E-E-E-D (Tables I and II) .
Genuine substrates of the Clp protease are expected to overaccumulate upon knockdown of the protease (Welsch et al., 2017) . It also can be expected that, with the duration of the RNAi induction, secondary effects become increasingly relevant. Thus, if the experimental system is suitable to identify putative protease substrates, there should be more overaccumulating proteins at the early time points (candidate substrate proteins) than proteins that are decreased in abundance (likely due to secondary effects). This was indeed the case: 24 h after ethanol induction, 14 proteins had increased significantly in abundance in at least one mutant whereas only four proteins had decreased (Tables I  and II) .
Among the proteins responding by early overaccumulation are two enzymes involved in thiazole/ thiamine (vitamin B 1 ) biosynthesis and several proteins involved in chloroplast gene expression, including the ribosomal proteins Rps1 and PSRP2 and the putative transcriptional regulator protein pTAC12 (Pfalz et al., 2006 (Pfalz et al., , 2015 Gao et al., 2011) . Moreover, this set of earlyresponding proteins contains nitrite reductase, a highly posttranscriptionally regulated enzyme with a destabilizing N-terminal amino acid residue (Apel et al., 2010) . The abundance of this enzyme declines strongly when its activity is not required (e.g. in the presence of sufficient ammonium; Crété et al., 1997) . Argininosuccinate lyase, another enzyme connected to nitrogen metabolism, also was increased in abundance already at the 24-h time point (Table I) . Two enzymes involved 
Only proteins ( 
Plastid-lipid-associated protein PAP/fibrillin family protein Mg-protoporphyrin IX chelatase (CHLH)/ genomes uncoupled5 (GUN5) in the chloroplast (nonmevalonate [MEP]) pathway of isoprenoid biosynthesis, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR) and 2-C-methyl-Derythritol 2,4-cyclodiphosphate synthase (MCS), also were identified (Table I) .
Many more proteins showed increased accumulation 48 h after ethanol induction of RNAi, including a number of proteins related to redox homeostasis, such as iron superoxide dismutase2 (FSD2) and FSD3, stromal and thylakoid ascorbate peroxidases, a thioredoxin (TRXM), ferredoxin/thioredoxin reductase (FTRA), and the monodehydroascorbate reductase MDAR6 (Table I) . While all these proteins showed increased protein abundance in the NtEtClpP6 proteome, only FSD3 and MDRA6 showed increased abundance also in the NtEtClpC mutant proteome, and FTRA and MDRA6 overaccumulated also in the NtEtClpT1-T2 mutant proteome. This is consistent with the general pattern that the NtEtClpP6 proteome showed a much larger number of overaccumulating proteins than the NtEtClpC and NtEtClpT1-T2 mutant proteomes (Table I) . The likely explanation for this difference is that the NtEtClpP6 mutant is affected in a subunit of the proteolytic chamber of the Clp protease and, therefore, its knockdown shows stronger effects on the composition of the proteome.
In line with the observed accumulation of several proteins involved in plastid gene expression at the 24-h time point, many additional proteins in this functional category were found to be up-regulated after 48 h, including additional ribosomal proteins and the ribosome release factor RF1 ( Table I ).
The Expression of Chloroplast Genome-Encoded Genes Is Not Generally Affected by Clp Protease Knockdown
A total of 41 chloroplast-encoded proteins could be quantified by our time-resolved proteomic analysis of the three Clp mutants ( Fig. 6C ; Tables I and II;  Supplemental Tables S4 and S5 ). This number is similar to the plastid-encoded proteins detected in a previous proteomic study of constitutive clp null mutants in Arabidopsis (Kim et al., 2013a) . Of these 41 proteins, 13 belong to the small (Rps3, Rps4, Rps8, Rps11, Rps15, Rps16, Rps18, and Rps19) and large (Rpl14, Rpl16, Rpl20, and Rpl22) ribosomal subunits, one represents an RNA polymerase subunit (RpoA), two are PSI assembly factors (Ycf3 and Ycf4), one is the only plastidencoded protein involved in fatty acid biosynthesis (AccD), and another is the only plastid-encoded component of the proteolytic system of the chloroplast (ClpP1). In the NtEtClpP6 mutant proteome, only one out of these 17 proteins shows a reduction in protein abundance (the ribosomal protein Rps3). The same protein also is reduced in the NtEtClpC mutant proteome. Another ribosomal protein, Rps16, shows increased abundance in the NtEtClpC mutant, and two additional ribosomal proteins (Rpl22 and Rps19) are reduced in the NtEtClpT1-T2 mutant (Fig. 6C) . These results suggest that, early after the induction of RNAi, only minor effects on the chloroplast gene expression machinery occur. Therefore, disturbed gene expression is unlikely to be a major source of secondary effects that would drive changes in the chloroplast proteome.
The remaining 24 quantified plastid-encoded proteins are components of the photosynthetic electron transfer chain and the large subunit of Rubisco, the only plastid-encoded protein involved in the carbon reactions (dark reaction) of photosynthesis. In the NtEtClpP6 mutant, a single protein (the PSII subunit PsbC) showed a pronounced overaccumulation and a single protein [the NdhA subunit of the plastid NAD(P) H dehydrogenase complex] was found to be reduced. In the other two mutants, more subunits of the thylakoidal protein complexes responded to RNAi induction, although, for most of them, the changes in protein abundance were rather small (Fig. 6C ). In addition to the plastid-encoded photosynthesis proteins, around 30 nucleus-encoded proteins belonging to the photosystems and the associated antennae (LCHA and LHCB) showed reduced protein abundance, mainly in NtEtClpC and NtEtClpT1-T2 mutant proteomes (Table II) . These changes in the abundance of specific components of the photosynthetic electron transfer chain potentially lead to redox imbalances that result in the increased The induced repression of Clp subunits affects the accumulation patterns of many proteins involved in diverse processes within the chloroplast. To uncover which cellular processes are most affected, we performed an overrepresentation analysis of the cellular functions of the chloroplast-localized proteins affected in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 RNAi mutants (Fig. 7) using the GO term annotation generated by PLAZA3 (Proost et al., 2015) . The GO classification is used to describe gene functions. It classifies gene functions by three aspects: cellular component, biological process, and molecular function. Analysis of cellular functions overrepresented in the proteomic data sets (using GO terms; for details, see "Materials and Methods") revealed that there is no overrepresented process or cellular function in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 RNAi mutant proteomes after 24 h of ethanol induction of RNAi. This may suggest that putative substrate proteins of the Clp protease are distributed among diverse processes within the chloroplast (Fig. 7) .
After 48 h of induction, one biological process (response to cadmium) is enriched with proteins that are increased in abundance after ethanol induction (nine out of 55 annotated proteins). Similarly, one biological process (photosynthesis) and one molecular function (GTP binding) are enriched with six proteins (out of 31 annotated proteins for this molecular function) and five proteins (out of 18), respectively, that are decreased in abundance after ethanol induction in the NtEtClpP6 mutant proteome. However, this enrichment is transient and no longer present after 120 h of induction (Fig. 7) .
In the NtEtClpC mutant proteome, we observed only one biological process (response to cold) to be significantly enriched with five and six up-regulated proteins (out of 40) after 48 and 120 h of ethanol induction (Fig. 7) . After 120 h of induction, one cellular component (stromule) and two additional biological processes (response to heat and response to cadmium) were enriched with four (out of 30), three (out of 12), and seven (out of 55) up-regulated proteins, respectively. This is well in line with the chaperone function of ClpC and the important roles that chaperones are known to play during temperature stress and heavy metal stress (Pratt and Toft, 2003; Sarry et al., 2006; Haap et al., 2016) . By contrast, only one biological process (response to heat) was enriched with three (out of 12) up-regulated proteins in the NtEtClpT1-T2 data set.
A number of processes enriched with down-regulated proteins that are connected to photosynthesis or suborganellar structures where photosynthesis-related proteins are located (e.g. thylakoid membrane; Fig. 7) were identified in the NtEtClpC and NtEtClpT1-T2 proteomes. In the NtEtClpC mutant, two GO terms belonging to cellular components were enriched: the thylakoid membrane with 34 down-regulated proteins (out of 205 annotated thylakoid proteins) and the plastoglobule with 13 (out of 44) down-regulated proteins after 48 h of induction. Consistent with this result, two GO terms belonging to biological processes were enriched after 48 h: photosynthesis with seven (out of 31) down-regulated proteins and light harvesting with 10 (out of 19) down-regulated proteins. One GO term (chlorophyll binding) classified as molecular function was enriched with four and seven (out of 14) down-regulated proteins at 48 and 120 h of ethanol induction, respectively (Fig. 7) . After 120 h of Figure 6 . (Continued.) Due to the high similarity of the Clp core subunits, the corresponding tobacco POTs (see "Materials and Methods") were manually split until all Clp subunits were identified unambiguously. Protein abundance was quantified by LC-MS/MS and subjected to twoway ANOVA (P , 0.05 by Tukey's honestly significant difference [HSD] posttest; for the single-letter codes E, U, and D as well as the four-letter codes E-U-U-U and E-D-D-D, see "Materials and Methods"). Changes in protein abundance are expressed as fold change, and the highest increase or decrease for each protein is shown (for the time course of changes in protein abundance, see Tables I and II ). B, Repression of Clp protease subunits alters chloroplast protein homeostasis by affecting several stromal and thylakoid membrane proteases, heat shock proteins, chaperonins, and components of the protein import complexes (TIC and TOC). Two-way ANOVA (P , 0.05 by Tukey's HSD posttest) was conducted, and the four-letter code was used to describe the pattern of changes over time (e.g. E-U-U-U or E-D-D-D). Only those proteins that could be quantified reliably by mass spectrometry-based proteomics are included here. EGY, ethylene-dependent gravitropism-deficient and yellow green. C, Changes in abundance of chloroplast-encoded proteins in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes. The abundances of most chloroplast-encoded proteins involved in gene expression (proteins of the 30S and 50S subunits of the plastid ribosome, RNA polymerase subunit) remain unchanged in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes. Likewise, the protein accumulation of Ycf3 and Ycf4 (two assembly factors for PSI; Ruf et al., 1997; Krech et al., 2012) , AccD (a subunit of the plastid acetyl-CoA carboxylase), and ClpP1 remains unchanged in all three mutants. The abundance of chloroplast-encoded proteins related to photosynthesis [PSI, PSII, cytochrome b 6 f complex (Cytb 6 F), ATP synthase, NAD(P)H dehydrogenase (NDH complex), and Rubisco] is severely changed in the NtEtClpC and NtEtClpT1-T2 mutants but much less so in the NtEtClpP6 mutant. Two-way ANOVA with Tukey's HSD posttest was performed. Changes in protein abundance are expressed as fold change, and the highest increase or decrease for each protein is shown (for the time course of changes in protein abundance, see Tables I and II). induction, cellular component GO terms (e.g. thylakoid membrane and plastoglobule) showed a higher representation. Thylakoid membrane and plastoglobule were enriched with 55 (out of 205) and 15 (out of 44) down-regulated proteins. In addition, two other GO functions, thylakoid lumen and oxygen-evolving complex, became enriched after 120 h with 11 (out of 37) and eight (out of 17) down-regulated proteins. Similarly, biological process GO terms, such as photosynthesis and response to cold, showed a higher representation with an enrichment of 11 (out of 31) and six (out of 40) downregulated proteins. Also, one GO function (photosynthetic electron transport in PSII) became enriched after 120 h with seven (out of eight) down-regulated proteins (Fig. 7) .
A similar pattern, with the majority of the enriched GO functions being related to photosynthesis, also was observed in the NtEtClpT1-T2 mutant proteome (Fig. 7) . Cellular component terms such as thylakoid membrane, plastoglobule, PSII, and ATP synthase were enriched 48 h after ethanol induction with 13 (out of 205), five (out of 44), four (out of eight), and three (out of five), respectively. The three biological process terms light harvesting, photosynthetic electron transport in PSII, and protein chromophore linkage were enriched with eight (out of 14), four (out of eight), and three (out of eight) down-regulated proteins, respectively. In addition, two molecular functions, chlorophyll binding and H + -transporting ATPase activity, were enriched with six (out of 14) and six (out of 10) down-regulated Figure 7 . Chloroplast processes, suborganellar localizations, and molecular functions that are significantly overrepresented and underrepresented in the Clp RNAi mutant proteomes. The overrepresentation analysis of the cellular functions of chloroplast-localized proteins in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes is based on the number of significantly (*, P , 0.01; **, P , 0.005; and ***, P , 0.0001, as determined by Fisher's exact test using the Gene Ontology [GO] functions, GO terms, and PLAZA3 [Proost et al., 2015] ) differentially accumulating proteins normalized to the number of proteins identified within each function. In the positive part of the x axis, GO terms containing up-regulated proteins are shown, and the negative region of the x axis displays GO terms containing down-regulated proteins. On the x axis (Significant/total), the ratio between statistically significantly changing proteins (grouped in a particular GO term) and all annotated proteins related to that particular GO term is shown. The colors of the bars represent the protein classification assigned by the GO enrichment analysis: cellular component (green), biological process (purple), and molecular function (pink). proteins, respectively. After 120 h, two cellular component GO terms (thylakoid membrane and plastoglobule) showed higher representation with 24 (out of 205) and nine (out of 44) down-regulated proteins, respectively ( Fig. 7) . Taken together, these results suggest a close relationship between the presence of sufficient amounts of ClpC and ClpT1-T2 and photosynthetic functions.
Chloroplast-Localized Proteins Are Enriched Early after Induction of RNAi
To gain further information about candidate substrates of the Clp protease, we analyzed chloroplastlocalized proteins with increased abundance at early time points of ethanol induction. In the proteome of the NtEtClpP6 RNAi mutant, 13 POTs were found to be significantly up-regulated 24 h after induction, with 85% of them being localized in the chloroplast (Fig. 8A) . After 48 h of induction, the number of POTs that increased in abundance was raised to 103. However, now, only 50% of these POTs were predicted to be chloroplast localized, indicating beginning interference of disturbed chloroplast function with other cellular functions and compartments. Finally, after 120 h of induction, only three POTs were found to be significantly up-regulated, with two of them located in the chloroplast (Fig. 8A) . In the NtEtClpP6 RNAi lines, no visible phenotypic changes compared with the wild type were observed, suggesting fewer pleiotropic effects than in the other two mutants and possibly explaining the lower number of up-regulated POTs after 120 h.
In the NtEtClpC mutant proteome, 12 POTs were identified to be up-regulated after 24 h of ethanol induction, with 60% of these POTs being localized in the chloroplast (Fig. 8A) . After 48 h, 51 POTs were found to be up-regulated, with 45% of them localized in the chloroplast. Finally, after 120 h, 117 POTs were up-regulated; however, the proportion of chloroplast-localized POTs decreased strongly (to ;18%; Fig. 8A) , consistent with the onset of secondary effects, as also evidenced by the development of a mutant (pale-leaf) phenotype (Fig. 2, A, B, and D) .
In the NtEtClpT1-T2 RNAi proteome, six POTs were detected as significantly up-regulated after 24 h of Protein abundance at each time point was normalized to the transgenic line/wild-type (wt) ratio at 0 h. C, Proteins significantly overaccumulating at 24 h after induction in the NtEtClpC mutant. D, Proteins significantly overaccumulating at 24 h after induction in the NtEtClpT1-T2 mutant. *, P , 0.5; **, P , 0.05; and ***, P , 0.005, based on Tukey's HSD posttest. E, Venn diagrams showing up-and down-regulated proteins in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes (based on two-way ANOVA with Tukey's HSD posttest; for details, see "Materials and Methods"). The total number of up-regulated proteins in each mutant (green numbers), proteins specific to one mutant (black numbers), and proteins shared by two or all three mutants (blue and red numbers) are given. ethanol induction, with half of them being predicted to be chloroplast localized (Fig. 8C) . After 48 h, 31 POTs showed significant overrepresentation, but only 25% were predicted to be chloroplast localized. As expected, and in line with the development of a visible mutant phenotype (Fig. 3) , the fraction of chloroplast proteins remained low after 120 h (28%), indicating that, now, secondary effects prevail. Thus, all three mutants show a decreasing percentage of chloroplast-localized proteins over time, strongly suggesting that, with the duration of the induction of RNAi, pleiotropic effects become increasingly relevant. The maximum representation of chloroplast proteins in the 24-h time point of the NtEtClpP6 mutant (85%) may suggest that this mutant and this time point are most suitable to identify primary targets (i.e. potential substrate proteins) of the Clp protease.
We also determined the overlap of the changes in the proteomes of the three mutants after ethanol induction of RNAi (Fig. 8E) . Fifty-three, 23, and nine POTs were up-regulated in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutants in at least one time point of the induction experiments and with a more than 50% increase in protein abundance in at least one specific time point (Table I) . Seven of these POTs were shared by all three RNAi mutants, five were shared by NtEtClpP6 and NtEtClpC, two by NtEtClpP6 and NtEtClpT1-T2, and none by NtEtClpC and NtEtClpT1-T2 (Fig. 8E) . Thirty-nine proteins were specific for the NtEtClpP6 mutant, 11 for NtEtClpC, and none for NtEtClpT1-T2 (Fig. 8E ). Thirty-one, 64, and 28 POTs were underrepresented in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutants at one or more time points (Table II; Fig. 8E ). From these, 17, 43, and 10 were specific to a single RNAi mutant, and five POTs were shared by all mutants (Fig. 8E) .
Proteins that increased early after RNAi induction can be considered as promising candidate substrates of the Clp protease (Fig. 8, B-D) . In the NtEtClpP6 RNAi mutant, eight POTs showed increases in protein abundance already after 24 h of ethanol induction. Three of them (NDHM, ATPD, and PSBQ) are involved in photosynthesis and are located in the thylakoid membrane. The nitrate reductase NIR1 is involved in nitrogen assimilation, and the plastid-specific ribosomal protein PSRP2 is associated with the 30S subunit of the chloroplast ribosome (but its exact function in translation or translational regulation is currently not known; Tiller et al., 2012) . MCS and HDR are stromal proteins involved in the MEP pathway (Table I) , and the uncharacterized protein BCR from the YbaB family COG0718 is of unknown function (POT003500 ; Table I ). From the above-mentioned eight POTs, five already showed their highest increase in protein abundance after 24 h of ethanol induction (Fig. 8B) . In the NtEtClpC mutant, two enzymes (THIC and THI1) involved in thiamine biosynthesis showed a high increase in protein abundance already after 24 h of induction. Three other proteins (pTAC12, ARGH, and RPS1) are involved in transcription, amino acid metabolism, and translation, respectively (Fig. 8C ). In the NtEtClpT1-T2 mutant, THI1 was again identified as the protein with the highest increase in protein abundance already after 24 h of induction (and its overaccumulation increased further at the later time points). In addition, ferredoxinthioredoxin reductase A also showed an increase in protein abundance after 24 h of induction (Fig. 8D) .
DISCUSSION
The identification of genuine substrate proteins of proteolytic enzymes (proteases) continues to present a major challenge. In the course of this work, we have developed a new approach toward identifying potential substrates of the chloroplast Clp protease. By combining the ethanol induction of RNAi suppression of key components of Clp with time-resolved proteome analysis, we detected proteins whose abundance changes early after knockdown of specific components of the Clp protease. Previous proteomic studies of Clp protease mutants relied on Arabidopsis null mutants that had strong mutant phenotypes and, therefore, likely suffer from massive secondary effects on gene expression and metabolism. The highly pleiotropic phenotypes make it difficult, if not impossible, to deduce candidate protease substrates from the set of (many) proteins that are altered in abundance in these constitutive knockout mutants. A pronounced pale-leaf phenotype also was observed at the final time point (120 h) in two of our inducible RNAi mutants, the NtEtClpC-2 and NtEtClpT1-T2-1 plants. This phenotype indicates massive changes in the proteome, likely due to pleiotropic effects that are not related primarily to reduced Clp protease function.
Putative substrates of the Clp protease are expected to overaccumulate upon induced down-regulation of the protease. Consistent with this assumption, we observed that, early after ethanol induction of RNAi (at time point 24 h), 14 proteins had increased in abundance in at least one mutant, whereas only four proteins showed decreases in abundance (Tables I and II) . When comparing the lists of up-and down-regulated proteins (Tables I and II) , an interesting correlation with the genes targeted by RNAi became apparent in that the vast majority of up-regulated proteins were identified in the proteome of the NtEtClpP6 plants (39 out of 64 proteins [60.9%]; Table I ), whereas the vast majority of down-regulated proteins were identified in the proteome of the NtEtClpC line (43 out of 94 proteins [45.7%]; Table II ). We attribute this to the different roles that the three Clp components targeted by our inducible RNAi approach play in the Clp complex. While ClpP6 is a subunit of the catalytic chamber and, thus, directly involved in proteolysis, ClpC is a chaperone that unfolds substrate proteins for subsequent degradation, and ClpT1 and ClpT2 are plant-specific proteins that may be involved in stabilization of the core complex . Importantly, in addition to unfolding proteins for degradation, the chaperone protein ClpC also has been implicated in protein import into the chloroplast. It is associated with the inner envelope membrane and binds to transit peptides early during preprotein import (Flores-Pérez et al., 2016; Huang et al., 2016) . Knockdown of ClpC, therefore, is likely to have a negative impact on the import of nucleus-encoded proteins into the chloroplast, thus providing a likely explanation for the large number of proteins showing reduced accumulation in response to ClpC knockdown (Table II) . By contrast, knockdown of ClpP6 is expected to have the most direct effect on proteolysis; therefore, it is unsurprising that most overaccumulating proteins were identified in the proteome of the NtEtClpP6 mutant (Table I) . Therefore, we conclude that proteins responding early to ClpP6 knockdown represent the most promising candidates for bona fide substrate proteins that are degraded by the Clp protease.
Induced repression of the Clp protease results in the overaccumulation of proteins related to four main processes inside the chloroplast: (1) protein homeostasis, (2) photosynthesis and redox homeostasis, (3) plastid biosynthetic pathways, and (4) plastid gene expression. An overview of the affected proteins that take part in each of these processes is shown in Figure 9 (for details, see Supplemental Table S4 ). While there is some overlap with proteins found previously to be altered in abundance in clp null mutants of Arabidopsis, far fewer proteins were identified in our time-resolved proteomic analysis, consistent with the inducible knockdown of protease subunits being less afflicted by secondary effects.
In addition to the direct action of ClpP6 in proteolysis, the fact that, after ethanol induction of RNAi, the phenotype of the NtEtClpP6 plants remains wild type like (Fig. 1 ) also supports the conclusion that secondary effects in this line are minimal at the early time points after induction. This is also supported by the very low number of proteins with increased abundance after 120 h of ethanol treatment (only three in NtEtClpP6, compared with 92 and 21 in NtEtClpC and NtEtClpT1-T2, respectively). A few potential Clp substrates identified by our experimental approach are exemplarily discussed below. Figure 9 . Summary of up-regulated proteins in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 RNAi mutant proteomes. Reduced Clp protease activity results in increased abundance of proteins involved in a broad range of cellular processes, such as metabolism, photosynthesis and redox, gene expression, and protein homeostasis. HDR, 4-Hydroxy-3-methylbut-2-enyl diphosphate reductase; MCS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; NIR1, nitrite reductase1; GLU, Glu synthase; GLT1, NADH-dependent Glu synthase; RPE, D-ribulose-5-phosphate-3-epimerase; PRK, phosphoribulokinase; SBPase, sedoheptulose-bisphosphatase; HCEF1, high cyclic electron flow1; THIC, thiamin C; THI1, thiazole biosynthetic enzyme; GLO, lactoylglutathione lyase; CGS1, cystathionine g-synthase1; SKL2, shikimate kinase-like2; MS3, Met synthase3; CBL, cystathionine b-lyase; ASP5, Asp aminotransferase5; ARGH, argininosuccinate lyase; MST1, mercaptopyruvate sulfurtransferase; PGLP1, 2-phosphoglycolate phosphatase1; HAD, haloacid dehalogenase-like hydrolase; 2PG, 2-phosphoglycerate; FSD, Fe superoxide dismutase2,3; TAPX, thylakoidal ascorbate peroxidase; MDAR6, monodehydroascorbate reductase6; SAPX, stromal ascorbate peroxidase; FTR, ferredoxin/thioredoxin reductase; NDHM, subunit M of NAD(P)H dehydrogenase; FBN, fibrillin; RPL, ribosomal protein of the large subunit; RPS, ribosomal protein of the small subunit; pTAC12, plastid transcriptionally active12; MORF9, multiple organellar RNA editing factor9; TPR, tetratricopeptide repeat; PSRP2, plastid-specific ribosomal protein2; Rho-N, Rho termination factor; cpRF1, chloroplast ribosome release factor1; CPN20, chaperonin 20; PREP1,2, presequence protease1,2; HSP21, heat shock protein21; LAP, Leu aminopeptidase; CLPB3, caseinolytic proteinase B3; PC, plastocyanin, Cyt b 6 f, cytochrome b 6 f; PQ, plastoquinone; PG, plastoglobule.
In the NtEtClpP6 line, two proteins involved in the MEP pathway of isoprenoid biosynthesis were up-regulated: HDR and MCS. It was suggested previously that the levels of MEP pathway enzymes are regulated through turnover by the Clp protease (Flores-Pérez et al., 2008) . Moreover, based on analysis of an Arabidopsis clpr2-1 mutant, it was proposed that reduced plastid gene expression impairs the formation of the photosynthetic apparatus and, in this way, causes reduced photosynthetic electron flow and reduced production of NADPH and ATP, which, in turn, may impact the MEP pathway (due to its dependence on NADPH and ATP; Zybailov et al., 2009) . However, in the proteome of our NtEtClpP6 mutant, a normal accumulation of chloroplast-encoded photosynthesisrelated proteins was observed ( Fig. 9 ), suggesting proper formation of the photosynthetic apparatus. Furthermore, regular accumulation of plastid ribosomal proteins and a quantified subunit of the RNA polymerase suggest no large changes in chloroplast gene expression in the NtEtClpP6 RNAi mutant (Fig. 9 ). Recently, DXS was shown to be degraded by the Clp protease (Pulido et al., 2016) . The authors proposed a simple mechanism in which the cooperation of HSP70 with HSP100 chaperones delivers inactive (misfolded and/or aggregated) forms of DXS to either refolding (via ClpB3) or degradation by the Clp protease (via ClpC chaperones). MCS and HDR are involved in later steps of the MEP pathway. HDR represents a particularly important control point in that it catalyzes the final step to generate isopentenyl diphosphate. DXS and, to a lesser extent, HDR were shown to have ratedetermining roles in the control of the flux through the MEP pathway in plants (Estévez et al., 2001; Botella-Pavía et al., 2004; Enfissi et al., 2005; Carretero-Paulet et al., 2006; Morris et al., 2006) . Taken together, these data suggest that the Clp protease may control the activity of plastid isoprenoid biosynthesis at multiple points by regulating the turnover of several key enzymes of the MEP pathway.
Interestingly, three membrane proteins, the PSII subunit PSBQ1/PSBQ2, the ATP synthase subunit D, and the M subunit of the NDH complex (NDHM), are up-regulated in the proteome of the NtEtClpP6 RNAi mutant. In view of their membrane location, at first sight, they seem to be unlikely substrates of the stroma-localized Clp protease. However, recent evidence suggests that the Clp protease is involved in the degradation of the thylakoid copper transporter PAA2 (for P-type ATPase of Arabidopsis2; Tapken et al., 2015) , suggesting that Clp substrates are not exclusively stroma localized. In C. reinhardtii, Clp has been implicated in the specific degradation of the cytochrome b 6 f complex in the thylakoid membrane under nitrogen starvation or when biogenesis of the Rieske subunit is blocked (Majeran et al., 2000) . Analysis of the proteome of the NtEtClpP6 mutant showed no changes in the abundance of chloroplast-encoded proteins, which is well in line with the wild-type-like phenotype of this mutant (Fig. 1) . The absence of general defects in thylakoid protein complexes in the NtEtClpP6 mutant may suggest that the increased abundance of PSBQ1/ PSBQ2 (Ifuku, 2014) , ATPD (Yamori et al., 2011) , and NDHM (He et al., 2016) is a direct consequence of reduced Clp protease activity. When assembled into the PSII complex, PSBQ is located at the lumenal side of the thylakoid membrane, where it should not be directly accessible to the Clp protease. Thus, it appears likely that unassembled rather than assembled PSBQ is the target of degradation by Clp (e.g. to prevent the accumulation of superfluous PSBQ subunits in the stroma).
Several of the putative substrate proteins of the Clp protease (e.g. PSBQ, ATPD, and NDHM) showed high increases in protein abundance after 24 h and/or 48 h of ethanol induction (Table I ; Fig. 8B ) but returned to normal levels after 120 h of induction. This could be explained by the operation of a large proteolysis network in the chloroplast that is composed of many proteases with overlapping sets of substrate proteins (Lies and Maurizi, 2008; Kubik et al., 2012) . Moreover, different proteases also can cooperate in the sequential degradation of a specific protein, as exemplified by the degradation of the D1 protein of PSII in plants and C. reinhardtii, which is broken down by the concerted action of Deg, FtsH, and perhaps Clp (Kato et al., 2012; Malnoë et al., 2014; Wei et al., 2014) .
Enzymes involved in thiamine biosynthesis also were identified as putative substrates of the Clp protease. Thiamine (vitamin B 1 ) is an essential vitamin for all living organisms. Thiamine is composed of 4-amino-5-hydroxymethyl-2-methylpyrimidine phosphate (pyrimidine) and 4-methyl-5-(2-hydroxyethyl)-thiazole phosphate (thiazole) moieties, which are both synthesized in plastids and then joined to form thiamine monophosphate (Goyer, 2010; Gerdes et al., 2012) . The synthesis of the pyrimidine moiety requires the enzyme THIC (Raschke et al., 2007) , while the thiazole is synthesized by the enzyme THI1 via a pathway that uses Gly, NAD + , and an unknown source of sulfur (Chatterjee et al., 2007) . In NtEtClpP6, but also in the NtEtClpC and NtEtClpT1-T2 mutant proteomes, an accumulation of THI1 was observed (Table I) . Previous studies (in Arabidopsis clpr2-1, clpc-1, and clps1-1 mutants) had identified THI1 as a putative substrate of the Clp protease complex Nishimura et al., 2013) . Rescue experiments by adding exogenous thiamine hydrochloride did not result in the restoration of wild-type-like growth, indicating that the clpr2-1 mutant is not thiamine deficient ). Therefore, the increased THI1 abundance in Clp protease mutants is likely caused by reduced enzyme turnover upon Clp deficiency. The protein abundance of THI1 was found to be increased between 3.2-and 5-fold in the NtEtClpP6, NtEtClpC, and NtEtClpT1-T2 mutant proteomes (Table I) , whereas a constitutive clpc null mutant in Arabidopsis showed a 17-fold increase (Nishimura et al., 2013) . These results make the THI1 protein a strong candidate enzyme whose activity is controlled by degradation by the Clp protease.
In summary, our work reported here provides a new method for the systematic large-scale identification of candidate protease substrates in plants. Application to the Clp protease of the chloroplast has revealed a set of potential substrate proteins by their early response to ethanol-induced protease knockdown. In addition to several pathways previously suspected to be regulated at the level of protein degradation by Clp, our work also has uncovered a number of new potential substrates. As assigning protein substrates to specific proteases continues to represent one of the biggest challenges in the study of proteolysis in plants, application of our strategy to (1) other proteolytic activities in the plant cell, (2) different tissues and developmental stages, and (3) plants grown under different environmental conditions (including abiotic and biotic stresses) promises to provide new insights into protein homeostasis and its regulation in plants.
MATERIALS AND METHODS
Plant Material and Growth Conditions
Tobacco (Nicotiana tabacum) transgenic lines were raised from seeds germinated in petri dishes on Murashige and Skoog medium supplemented with 30 g L 21 Suc (Murashige and Skoog, 1962) and 100 mg mL 21 kanamycin for selection. For sampling and seed production, plants were grown under standard greenhouse conditions.
Generation of the Inducible RNAi Constructs
To construct vectors for ethanol-inducible RNAi repression, the plasmid system designed by Chen et al. (2003) was used. Briefly, the plasmids contain the AlcR gene from Aspergillus nidulans encoding an ethanol-responsive transcription factor. The AlcR gene is expressed under the control of the constitutive cauliflower mosaic virus 35S promoter and the nos terminator. Inserts containing the selected unique fragment derived from the target gene of RNAi (as described by Moreno et al. [2017] ) in the sense and antisense orientations, separated by an intron, were cloned behind a modified AlcA promoter, whose activity is dependent on the ethanol-induced binding of the AlcR transcription factor. Transformation of the NtEtClpP6, NtEtClpR2, NtEtClpC, NtEtClpS, NtEtClpD, NtEtClpT1-T2, and NtEtFtsH1_5 inducible RNAi constructs into tobacco cv Petit Havana plants was done by Agrobacterium tumefaciensmediated gene transfer using the bacterial strain C58C1:pGV2260 (Rosahl et al., 1987) .
Ethanol Induction of RNAi in Tobacco Plants
For time-course induction experiments, young tobacco plants (approximately 30 cm high and at the fiveto six-leaf stage) individually grown in pots were grouped in trays (with four pots each) and covered with plastic foil. Each tray contained a small beaker with 20 mL of 100% ethanol. The evaporating ethanol is sufficient to cause induction of the expression of the silencing construct. Samples were taken from the third or fourth leaf at days 0, 5, and 10 after ethanol addition. Leaf samples were harvested, immediately frozen in liquid nitrogen, and stored at 280°C until use for qRT-PCR analysis. For time-resolved proteomic experiments, seedlings were planted in soil-filled trays (80 cm 3 40 cm) and covered with a transparent plastic lid. Each tray contained a Clp mutant line (six to 12 seedlings) and a wild-type control (two to eight seedlings). Induction was performed by sticking 10 Eppendorf tubes, each filled with 1 mL of 100% ethanol, into the soil. Each mutant was grown in three different trays (three biological replicates) together with wild-type plants and harvested at four different time points (0, 24, 48, and 120 h). Within each biological replicate, several plants of the same genotype were pooled. The aerial parts of the plants (above the cotyledons) were harvested. After the samples at time point 0 had been taken, 1 mL of ethanol was added to the Eppendorf tubes, and the trays were covered with the transparent lids to ensure homogenous induction.
RNA Extraction and cDNA Synthesis
Total cellular RNA was extracted with the NucleoSpin RNA Plant kit (Macherey-Nagel) following the manufacturer's protocol. Prior to reverse transcription, isolated RNAs were tested for the presence of contaminating DNA by a standard PCR using 1 ng of RNA as template. If no DNA amplification was observed, cDNA was synthesized by incubating 2 mg of RNA with 1 mL of oligo(dT) primer (10 mM) and 1 mL of deoxyribonucleotide triphosphates (10 mM) for 5 min at 65°C. Then, 7 mL of a master mix (4 mL of 53 first-strand buffer, 1 mL of 0.1 M DTT, 40 units of RNaseOUT, and 200 units of SuperScript III reverse transcriptase; Invitrogen) was added and incubated for 1 h at 50°C, followed by an inactivation step of 15 min at 70°C.
qRT-PCR
qRT-PCR was performed in a LightCycler 480 (Roche) using cDNA as template in 5-mL reactions containing 1 mL of each gene-specific primer (1.25 mM; Supplemental Table S1 ), 2.5 mL of the LightCycler 480 SYBR Green I Master Mix, and 0.5 mL of a 1:50 cDNA dilution. Three independent lines and three technical replicates per line were analyzed. The relative transcript levels were determined using the equation (1 + E) 2DDCt , where E is the binding efficiency of the primers (Pfaffl, 2001) . E was calculated from the slope of the expression level of each gene in a dilution series of a wild-type cDNA sample. Results were normalized to the mRNA levels of ubiquitin and actin as housekeeping genes (Supplemental Table S1 ).
Generation of a Reference Proteomic Database (POTbaseMS)
Due to the difficulties associated with proteomics in a nonfully sequenced, allotetraploid species, we generated a reference for proteomics in this work, POTbaseMS. For this, an in-house database was created that contains the predicted protein sequences of the two parental species of tobacco (Nicotiana sylvestris and Nicotiana tomentosiformis) as derived from transcriptome sequencing as well as the organellar genome-encoded proteins of tobacco. In order to overcome problems arising from erroneous transcript assemblies and allotetraploidy and to facilitate ortholog identification and the use of proteomic approaches, the protein sequences were assigned by BLAST (Camacho et al., 2009 ) to clusters of putative orthologous proteins from 21 plant species (S. Proost and M. Tillich, unpublished data; https://chlorobox.mpimp-golm. mpg.de/potbase-application.html). Based on the assignment, proteins were grouped into nucleus-(called POTs), chloroplast-, or mitochondria-encoded proteins (https://chlorobox.mpimp-golm.mpg.de/potbase_ms.html). As the POT system includes several well-annotated model species, like Arabidopsis (Arabidopsis thaliana) and tomato (Solanum lycopersicum), it facilitates the identification of orthologs and the comparison of proteomes from different plant species. However, it is important to keep in mind that highly similar proteins are grouped in the same POT. Thus, a POT may contain not only homologs or proteins encoded by different transcript isoforms arising from a single locus but also highly similar proteins encoded by different loci. This can be the case, for example, with duplicated genes or protein (sub)families with highly similar members (e.g. b-tubulin and RBCS).
Peak Area-Based Protein Quantification and Statistical Analysis
Quantitative analysis of MS/MS measurements was performed with the Progenesis QI software (Nonlinear Dynamics). Proteins were identified from spectra using Mascot (Matrix Science). Mascot search parameters were set as follows: POTbaseMS annotation, requirement for tryptic ends, one missed cleavage allowed, fixed modification: carbamidomethylation (Cys), variable modification: oxidation (Met), peptide mass tolerance: 610 ppm, MS/MS tolerance: 60.6 D, allowed peptide charges of +2 and +3. A decoy database search was used to limit false discovery rates to 1% at the protein level. Peptide identifications below rank 1 or with a Mascot ion score below 25 were excluded. Mascot results were imported into Progenesis QI. Quantitative MS1 peak area information was extracted, and Progenesis normalization was applied before exporting results for all peptides for further processing and analysis using the statistical computing software R. Peptides were mapped to POTs in the POT-baseMS database, and only peptides that could be uniquely assigned to a single POT were considered for further analysis. To obtain the relative abundance for each POT, the normalized peak area of all assigned unique peptides was summed.
Changes in protein abundance were analyzed in two steps. First, a two-way ANOVA was performed for each genotype and POT using genotype and time points as factors. A one-letter code was assigned to each POT. The letter U or D was assigned if the two-way ANOVA showed that the genotype had a statistically significant (P , 0.05) effect on protein abundance, with U reflecting increased and D reflecting decreased abundance in the ethanol-induced silencing lines compared with the wild type. The letter E was assigned if the genotype had no significant effect on protein abundance. Fisher's exact test was performed using the GraphPad software available online (https://www. graphpad.com/quickcalcs/contingency1.cfm) to calculate the enrichment of up-and down-regulated chloroplast-localized proteins in the three Clp mutant proteomes.
In the second stage, a two-way ANOVA combined with a posthoc Tukey's HSD test was performed to identify changes in protein abundance between wild-type and mutant lines by pairwise comparison at each time point. If significant changes in protein abundance were observed at specific time points (Tukey's HSD P , 0.05), the previously assigned one-letter code was replaced by a four-letter code to indicate the time point for which significant changes were observed by pairwise comparison. For example, a significant increase in protein abundance relative to the wild type at the second and third time points is represented by the four-letter code E-U-U-E. A decrease in abundance at the fourth time point would be represented by E-E-E-D.
To obtain insights into the distribution of functional categories in the data set, an analysis of GO term enrichment was performed using Fisher's exact test for each observed one-letter and four-letter pattern. The GO term annotation for each POT was created by collecting the GO terms for all tomato POT members as provided by PLAZA3 (Proost et al., 2015) .
The mass spectrometry proteomics data have been deposited in the Pro-teomeXchange Consortium via the PRIDE (Vizcaíno et al., 2016) partner repository with the data set identifiers PXD008305 and 10.6019/PXD008305.
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Supplemental Figure S5 . Generation and characterization of inducible RNAi lines for FtsH (NtEtFtsH1_5 lines).
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